Abstract-Packet scheduling algorithms are viewed as one of the key mechanisms for increasing the diversity order, robustness and effectiveness of a wireless multi-user communication systems. Traditional packet scheduling algorithms are designed to save energy at the Base-station(BS) in downlink by exploiting tradeoffs between spectral efficiency, delay and energy while at the same time meeting the QoS requirements of the system. However, these algorithms ignore the User-Equipment(UE) circuit power consumption to receive and process downlink traffic. In this paper, we show that the optimization of only BS transmit power consumption in downlink can lead to significant drain of UE battery power. Hence, we propose sub-optimal algorithms that exploit Discontinuous Transmission(DTX) at the base-station to tradeoff delay with energy consumption to improve Energy Efficiency (EE) of the UE circuit power and BS transmit power, while at the same time meeting the application QoS requirements in terms of throughput and service delay. The proposed algorithm is also shown to achieve good performance in saving transmit power at the base-station and also the UE circuit power consumption over traditional scheduling algorithms.
I. INTRODUCTION
Telecommunication has experienced tremendous success causing proliferation and demand for ubiquitous heterogeneous broadband mobile wireless communications. Up to now, innovation has targeted to improve wireless networks coverage and capacity while meeting the QoS for users admitted in the system. Nowadays, the number of mobile subscribers equals more than half the global population. Forecast on telecommunication market assume an increase in subscribers, per subscriber's data rate and, the roll out of additional base stations for next generation mobile networks. The undesired consequence is the growth of wireless network's energy consumption that will cause an increase of the global carbon dioxide (CO 2 ) emissions and, impose more and more challenging operational cost for operators. Communication energy efficiency represents indeed an alarming bottleneck in the telecommunication growth paradigm.
There has been recent drive from both industry and academia to save energy of Information and communication Technologies(ICTs) to reduce CO2 emissions and also to reduce the network operating costs by reducing the energy bill. Energy efficient enhancement at the system level can be achieved only if improvements are experienced in the whole communication chain for different operational load scenarios. Several investigations are ongoing in this research area, ranging from energy efficient cooling of base stations, to innovative energy efficient deployment strategies and frequency planning [1] [2] [3] .
There has been lot of work done in the recent decade to save energy at the mobiles in order to prolong their battery life [4] [5] using Discontinuous Reception(DRX). The researchers have also proposed various algorithms at the network side for Energy Efficient(EE) downlink OFDMA scheduling, [6] . However, the multi-user resource allocation problem in downlink is in general a combinatorial problem [7] . Consequently, several authors have proposed sub-optimal algorithms with reduced complexity [6] , [7] , [8] , [9] , [10] .
In this paper, we focus on downlink (DL) energy efficient resource allocation techniques for OFDMA based systems. We consider LTE like systems that face very challenging multi-user communication problem: many users in the same geographic area require high on-demand data rates in a finite bandwidth with a variety of heterogeneous services such as voice (VoIP), video, gaming, web browsing and others. We firstly show that optimizing only DL BS transmit power consumption can actually significantly increase the UE circuit power consumption. Based on this finding, we formalize a problem to minimize both the UE received power consumption and the BS downlink transmit power consumption. This problem is non-convex and combinatorial in general and it is very hard to find the global optimal solution. Hence, we propose sub-optimal algorithms that can minimize both the BS DL power consumption and also the UE circuit power consumption. The main contribution of this paper is to find a good operating point of the system which can minimize both BS DL transmit power consumption and UE circuit power consumption to have holistic energy savings in the network. We exploit energy-delay tradeoff to achieve the objectives by introducing the Discontinuous downlink transmission(DTX) at the base-station.
The organization of the paper is as follows. Section II introduces the system model followed by the problem formulation in section III. Section IV shows the system level simulation results of the proposed algorithm. Finally, we conclude the paper with the discussion of conclusions and future work in section V.
II. SYSTEM MODEL
The system under consideration is an OFDM system with frequency-division multiple access (FDMA). We assume a downlink transmission system with K users, N chunks and T TTIs and each user is equipped with a single antenna. Perfect 2011 IEEE 22nd International Symposium on Personal, Indoor and Mobile Radio Communications Power of user k for chunk N at time slot t P k (n, t)
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Time slots used to transmit data 1 ≤ T tx slots ≤ T Set of chunks allocated to user k at time t S k (t) ∈ {1, ..., N } channel state information is assumed at both the receiver and the transmitter, i.e., the channel gain on each chunk due to path loss, shadowing, and multipath fading is assumed to be known. Channel parameters are assumed to be estimated by some other method, which is not specified in this paper. The system does not employ spreading in either time or frequency; each chunk can only be used by one user at any given time. All the users send back the Channel Quality Indicator (CQI) report to the Base-station(BS) for all the chunks which then finally performs chunk and power allocation for all the users. Let S i (t) denote the set of chunks allocated to user i at time t. Each chunk is allowed to be used by at most one user; hence,
The transmitter finds S i for all i = 1, 2, · · · , K and distributes power such that the objective of resource allocation is satisfied.
Let r k (n, t) and p k (n, t) denote the rate and the power of user k on chunk n at time t such that r k (n, t) = R(p k (n, t)γ k (n, t)). The function, R(α) is discrete rate allocation function is given by,
,where α = (p k (n, t)γ k (n, t)), there are M discrete modulation and coding (MCS) schemes and {η m } m∈M , M = {1, ..., M }, are the SNR boundaries to select particular MCS scheme. The data rate of selected MCS scheme, m is given by r m . In order to model the UE circuit power consumption to receive its intended downlink transmission, we assume that when UE is not active in a particular TTI, the power consumption in that TTI is 0. However, the power consumption for UE receiving data in any TTI is fixed and given by, P ckt U E . This model of UE circuit power consumption assumes that UE can be instantly switched off for the TTIs, for which it is not active. The above two assumptions are made to simplify the design of the algorithm, but the algorithm can be easily extended to model the realistic power model of UE. Now, we formulate the generalized problem to minimize both the UE circuit power consumption and BS transmit power consumption as follows,
,where W U E and W BS are the weighting scalar factors to emphasize which of the power terms, UE circuit power consumption or BS transmit power consumption is more important to minimize. The function U (.) is simply a unit step function which operates on the cardinality of set S k (t). P U E is the circuit power consumption of the UE to receive downlink traffic in one Transmission Time Interval (TTI). The optimal solution of the above equation is non-trivial because of discrete combinatorial nature of the problem and also this problem is non-convex in general. However, we intend to propose suboptimal solutions in order to find suitable operating point of the scheduler and improve the EE of both the power terms. In the next section, we introduce the basic concepts of traditional scheduling, and illustrate how this results in the increased power consumption at both the BS and UE. We then introduce the insights behind the design of our proposed algorithm followed by the detailed description.
The various system parameters are described in table I III. PROPOSED ALGORITHM:
Before describing the sub-optimal algorithm in detail, it is worthwhile to consider how scheduling is done in traditional systems. Consider, for example a constant-bit rate (CBR) downlink traffic stream for each of the users as shown in figure 1. The scheduler at the Base-Station (BS) tries to schedule the user as soon as data arrives in the buffer. However, if the system is overloaded, BS buffers the data for the user, until some resources are available in the system for downlink transmission. The main advantage of this scheduling is that it is quite simple, application experiences queuing delay (only for high-traffic scenarios), and it requires much less memory buffer at the BS for scheduling. However, the main disadvantage of this approach is that both BS and UE are active for all the duration of the traffic activity, thus resulting in increased circuit power consumption at both the BS and UE. We can improve EE of BS and UE by buffering the data for T TTIs and solving the optimization problem shown in equation 2. However, finding the optimal solution might be very intractable. Hence, we propose a sub-optimal way to approach this problem in which BS buffers the downlink traffic for T TTIs, and then send this data in only T tx slots . By carefully adapting the parameter, T tx slots , we can achieve a good operating point of the system which can minimize both the BS transmit power consumption and UE circuit power consumption. In order to maintain stable operation of the system, 1 ≤ T tx slots ≤ T . We illustrate the proposed downlink Green scheduling scheme in figure 2. It should be noted here that, setting T tx slots to lower value results in lower UE circuit power consumption and increased BS transmit power consumption. However, we cannot set T tx slots to be too low as it might lead to insufficient resources to send the data for all the users thus violating application QoS constraints. This tradeoff to optimize T tx slots to minimize both the UE circuit power consumption and BS transmit power consumption is the main focus of this paper. The EE gain comes at the expense of increased complexity, delay and buffer size requirements of scheduling algorithms at the BS. The increased delay due to the Green scheduling is acceptable as long as it is within the tolerance limits of the application QoS constraints. Now, we summarize the proposed algorithm in two steps:
• Step 1: Estimate the optimal number of T tx slots TTIs, in which to send the buffered data, according to objective function that minimizes either of the three objectives, viz. (UE circuit power only, BS transmit power only, both UE circuit power and BS transmit power). We describe these algorithms in detail in next section.
• Step 2: Solve the optimization problem below to compute the power allocation for all the users and chunks based on convex optimization algorithms developed in [8] [11].
It should be noted here that we only minimize BS transmit power allocation. The improvement of EE at the UE circuit power is achieved by appropriately reducing T tx slots .
Now, we summarize below the objectives of the three suboptimal algorithms that compute T tx slots :
• Algo min UE : Minimize the UE circuit power consumption without regard to the BS power consumption.
• Algo min BS : Minimize the BS transmit power consumption without regard to UE circuit power consumption.
• Algo min BS+UE : Minimize both the UE circuit power consumption and BS transmit power consumption. Note, that all the algorithms for T tx slots optimization should satisfy QoS constraints of all the users in terms of rate target R k .
A. Algo min UE : Minimize only UE circuit power consumption
In this section, we describe the sub-optimal algorithm that minimizes only the UE circuit power consumption without regard to the BS transmit power consumption. The main goal of this algorithm is to find the minimum T tx slots in which to send the downlink traffic, which has been buffered for all the users in T time slots. We achieve this goal by estimating the number of chunks required by the BS based on the current channel conditions and then subsequently computing the minimum number of T tx slots to completely send the buffered data.
B. Algo min BS : Minimize only BS transmit power consumption
The optimal number of T tx slots that minimizes only BS transmit power consumption is simply given by, T tx slots = T . The reason for this being that this gives maximum degree of freedom to the BS scheduling algorithm to minimize BS transmit power consumption.
C. Algo min BS+UE : Minimize both UE circuit power and BS transmit power consumption
In this section, we compute the T tx slots that finds the optimal reduction of both BS transmit power consumption and UE circuit power consumption. The algorithm computes T tx slots as the optimal tradeoff between Algo min UE and Algo min BS in order to achieve the right balance to minimize both UE circuit power consumption and BS transmit power consumption. 
IV. SIMULATION RESULTS
In this section, we describe the system level simulation results for the proposed algorithms for improving EE of the base-station transmit power and the UE circuit power. The simulation parameters are described in table II. The EE gain plotted in the simulation results is given by, ,where P w (SOTA) is the power consumption of State-of-theart (SOTA) algorithm, which in our case is Max C/I scheduler with power control and P w (MU EE scheduler) is the power consumption of Multi-User(MU) EE scheduling algorithm described in earlier sections. Figure 3 shows the results for gain in EE of BS transmit power Vs UE downlink traffic when the number of transmit time slots, T tx slots are varied. The results in figure 3 are for the case when the data is buffered for T = 10 time slots before being transmitted in T tx slots time slots. We don't plot the results for the case when the data rate constraint is not satisfied. The data rate constraint is considered to be not satisfied when achieved rate is less than 95% of the target rate, R. The results clearly show that increasing T EE scheduler. We should also note that low values of T tx slots transmit time slots are sometimes inadequate for satisfying the rate constraint. For example, the curve 1 of figure 3 is not plotted for downlink traffic rate, R ≥ 120. The reason for this being that T tx slots = 1 is inadequate for satisfying the rate constraint for high traffic loads. Curve 4 of figure  3 is obviously the algorithm Algo min BS that minimizes the BS transmit power consumption due to increased time and frequency diversity available to the scheduler. The curve 5 plots the ideal behaviour of EE gain of BS transmit power consumption, when T tx slots is minimized in such a way that it manages to satisfy the rate constraint of all the users. The reduction of T tx slots results in direct reduction of UE circuit power consumption. Hence, the main idea of the algorithm that minimizes only UE circuit power consumption is to minimize number of transmit time slots, T tx slots in which to send all the buffered data in T = 10 tims slots. However, it should be noted that the results of curve 5 present the worst performance in EE gain in terms of BS transmit power consumption as it is focussed on only improving EE of UE circuit power. We also note from the results of curve 5 that the performance of EE gain in BS transmit power consumption can be be worse than SOTA especially in low load scenarios due to the fact that curve 5 only targets to improve EE of UE circuit power consumption without any regard to BS transmit power consumption. Curve 6 plots the results of algorithm, Algo min U E , which minimizes only the UE circuit power consumption and the performance of Algo min U E . Curve 7 plots the results of algorithm, Algo min BS+U E , which finds the optimal tradeoff in minimization of BS transmit power consumption and UE circuit power consumption. It can be clearly seen from the figure that the performance of curve 7 lies between that of curve 4 and curve 6, which is what we expected in the design phase of the algorithms. Figure 4 plots the EE performance of UE circuit power consumption for varying transmit time slots, T tx slots and also for the various algorithms proposed in earlier section. It is quite obvious from the results of figure 4 that the EE performance of UE circuit power is minimized when all the buffered data is sent in minimum number of time slots. The UE circuit power gain for low load scenarios can be as high as 90% for low load scenarios, and it decreases as the UE downlink traffic is increased. As mentioned ealier, we do not plot the points for which the data rate constraint is not satisfied. Curve 5 plots the ideal gain in UE circuit power consumption when the data is sent in minimum number of time slots to just satisfy the rate constraint. Curve 6 plots the results for algorithm, Algo min U E that minimizes only UE circuit power consumption, we can see that the the UE circuit power saving performance of Algo min U E is within 15% of that of the ideal case presented in curve 5. Recall from the ealier sections that the design of algorithm, Algo min U E is based on the idea to estimate the minimum number of transmit time slots, T tx slots to send the buffered data. Curve 4 describes the results of algorithm, Algo min BS and we can clearly see that it results in worst performance in improving EE of UE circuit power consumption as it targets to improve only BS transmit power consumption without regard to UE circuit power consumption. Finally, we plot the results of algorithm, Algo min BS+U E , which finds the optimum tradeoff between UE circuit power and BS transmit power consumption, and its performance obviously lies between the curves 4(Algo min BS ) and 6(Algo min U E ). The EE gain for all the curves decreases with increase in downlink traffic as increased downlink traffic increases the number of transmit time slots, T tx slots required to send the buffered data thus reducing the potential to save UE circuit power with increased downlink traffic.
We now show the results of delay performance of all the algorithms proposed above in figure 5 . The delay performance is directly related to the optimization of transmit time slots, T tx slots . The algorithm, which utilizes more transmit time slots, T tx slots results in more delay compared to the one which uses less transmit time slots. Hence, the delay is minimum for the algorithm, Algo It should be noted that the UE circuit power consumption savings are only for the receiving part as this research is focussed only on downlink. The MU EE downlink scheduling has no impact on the power consumption for mobile phone in uplink.
V. CONCLUSIONS AND FUTURE WORK
In this paper, we showed how optimizing only BS transmit power consumption in downlink can lead to increased UE circuit power consumption. We proposed several suboptimal algorithms that find the right balance in achieving energy savings in both UE circuit power consumption and BS transmit power consumption. The proposed algorithms exploit the tradeoff between energy and delay to achieve the desired EE performance. The delay introduced by the application is acceptable as long as it is within the tolerance limits of application QoS requirements. The future work will be to extend the algorithms for more realistic traffic scenarios like VOIP, Video, web browsing, etc and to evaluate the performance of the proposed algorithms with realistic power models of the UE circuit power consumption.
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